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(57) ABSTRACT

A numerically controlled oscillator includes a phase accumu-
lator configured to output a phase word, a clock configured to
periodically output a clock signal in accordance with a delay
interval, and a clock controller configured to adjust the delay
interval. The phase accumulator is configured to output a new
phase word in response to receiving the clock signal. An
example method includes receiving a plurality of frequency
control words, calculating a delay interval, accumulating the
frequency control words in accordance with the delay interval
to generate a phase word, and converting the phase word to a
waveform.
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1
NUMERICALLY CONTROLLED
OSCILLATOR WITH FINE TIMING
ADJUSTMENT

BACKGROUND

Processing communication signals often includes interpo-
lating sampled signals. Interpolation changes the final sample
rate before the signal is passed to, e.g., a digital-to-analog
converter. Interpolation relies on the clock cycles of the dif-
ferent components used in the communication system. Minor
differences in clock cycles, as well as channel delay varia-
tions, can lead to inaccuracies, however. Adjusting for such
inaccuracies often means storing entire samples at a particu-
lar rate and resampling prior to processing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example numerically controlled oscil-
lator having an adjustable delay timing.

FIG. 2 is a control diagram of an example phase accumu-
lator used in the numerically controlled oscillator of FIG. 1.

FIG. 3 is a flowchart of an example process for adjusting
delay timing.

DETAILED DESCRIPTION

The numerically controlled oscillator described below
adjusts for clock inaccuracies and channel delay variations by
providing a fine resolution of timing adjustments. That
numerically controlled oscillator may be configured to
upsample or downsample a signal to a desired rate. By con-
tinuously using smaller timing adjustments at more frequent
intervals, the numerically controlled oscillator is able to
eliminate the need to store the entire sample at one rate and
resample at another, adjusted rate.

An example numerically controlled oscillator includes a
phase accumulator that outputs a phase word, a clock that
periodically outputs a clock signal in accordance with a delay
interval, and a clock controller that adjusts the delay interval
based on, e.g., feedback received from a remote device. The
phase accumulator is configured to output a new phase word
in response to receiving the clock signal, and therefore, in
accordance with the adjusted delay interval. Because the
clock controller considers feedback from the remote device,
the adjusted delay may account for factors such as channel
delays or differences in cycle timing between the clock of the
numerically controlled oscillator and the clock of the remote
device.

An example phase accumulator may include a digital input
module, a summation block, and a delay block. The digital
input module may receive frequency control words. The sum-
mation block may output a phase word representing an accu-
mulation of the plurality of frequency control words. The
delay block may provide a previous phase word (e.g., the
accumulation of the plurality of frequency control words) to
the summation block.

Numerically controlled oscillators, such as the one
described, may be incorporated into a communication system
at the transmitter side, the receiver side, or both. For instance,
such as numerically controlled oscillator may be incorporated
into or used in accordance with a digital-to-analog converter.

Referring generally to the figures, the elements shown may
take many different forms and include multiple and/or alter-
nate components and facilities. The exemplary components
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2

illustrated are not intended to be limiting. Indeed, additional
or alternative components and/or implementations may be
used.

As illustrated in FIG. 1, the numerically controlled oscil-
lator 100 includes a phase accumulator 105, a clock 110, a
clock controller 115, and a phase-to-amplitude converter 120.

The phase accumulator 105 may be configured to generate
aphase word from a frequency control word. The phase word
may include a previous phase word summed with the fre-
quency control word. Thus, the phase word may represent the
frequency control word accumulated over time. The phase
accumulator 105 may be configured to generate the new
phase word at intervals in accordance with the clock signal
output by the clock 110. The phase word and the frequency
control word may be digital signals representing a particular
frequency. Moreover, the frequency control word may be
transmitted to the phase accumulator 105 at a particular sym-
bol rate.

The clock 110 may be configured to periodically output a
clock signal, at predetermined intervals, to the phase accu-
mulator 105. The intervals may be variable. That is, the inter-
val may be based on a delay signal output by the clock
controller 115. The clock 110 may be configured to receive
the delay signal and output the clock signal at the prescribed
interval accordingly. In some instances, the clock 110 may be
configured to output the clock signal every time the delay
signal is received.

The clock controller 115 may be configured to control the
timing of the output of the clock signal. The clock controller
115 may be output a delay signal that may cause the clock 110
to immediately output the clock signal or cause the clock 110
to output the clock signal at an interval represented by the
delay signal. Although referred to as a “delay” signal, the
output of the clock controller 115 may reduce the interval
between clock signals, making the clock signal output more
frequently. In other words, the term “delay” indicates that the
output of the clock controller 115 sets the delay interval
between clock signals and does not necessarily mean that the
interval is made longer.

The clock controller 115 may be configured to adjust the
delay interval. The adjustments may be made in small incre-
ments and occur between frames or, in some instances, within
a single frame. The adjustments may be made in accordance
with feedback from, e.g., a remote receiver. The clock con-
troller 115, therefore, may be configured to determine
whether feedback has been received, and if so, set a new delay
interval that accounts for the feedback received. The feedback
may include an estimated or measured channel delay or a
difference in cycle timing between the clock 110 and a cor-
responding clock at the receiver. The feedback may include
other information that the clock controller 115 may use to set
the delay interval. Once the delay interval has been set, the
clock controller 115 may be configured to output the delay
signal to the clock 110.

The phase-to-amplitude converter 120 may be configured
to generate a waveform based on the output of the phase
accumulator 105. Therefore, the phase-to-amplitude con-
verter 120 may be configured to receive the phase word and
generate an analog signal, such as a sinusoidal signal, in
accordance with the received phase word. In one possible
approach, the phase-to-amplitude converter 120 may be con-
figured to use a look-up table to generate the waveform. That
is, the phase-to-amplitude converter 120 may look up the
phase word in the look-up table, find an amplitude sample that
corresponds with the phase word, and generate the appropri-
ate output. Alternatively, the phase-to-amplitude converter
120 may be configured to calculate the appropriate waveform
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from the phase word. Regardless of the approach used, the
output of the phase-to-amplitude converter 120 may include
an analog representation of the phase word sampled accord-
ing to the delay interval set by the clock controller 115.

FIG. 2 is a control diagram of an example phase accumu-
lator 105. As shown, the phase accumulator 105 includes a
digital input module 125, a summation block 130, and a delay
block 135.

The digital input module 125 may be configured to receive
the frequency control word. As discussed above, the fre-
quency control word may include a digital signal transmitted
at a particular symbol rate. Moreover, the frequency control
word may represent a particular frequency. The digital input
module 125 may be configured to pass the frequency control
word to the summation block 130.

The summation block 130 may be configured to add mul-
tiple inputs. As shown, the inputs to the summation block 130
include the output of the digital input module 125 and the
output o the delay block 135. Both inputs to the summation
block 130 may be digital signals. That is, one input may
include the frequency control word output by the digital input
module 125 and the other input may include the phase word,
delayed by one clock cycle, output by the delay block 135.
The output of the summation block 130 may represent the
present phase word, which may include the previous phase
word added to the present frequency control word. Therefore,
the phase word may represent an accumulation of the fre-
quency control words. The phase word may be output to the
phase-to-amplitude converter 120 and to the delay block 135.

The delay block 135 may be configured to receive the
output of the summation block 130 and the output of the clock
110. Therefore, the delay block 135 may receive the phase
word and the clock signal. In response to receiving the clock
signal, the delay block 135 may be configured to output the
phase word. The delay block 135 may be configured to acton,
e.g., either the rising or falling edge of the clock signal. The
output of the delay block 135 may be provided to the sum-
mation block 130.

Because the output of the delay block 135 is subject to the
timing of the clock cycle, and because the timing of the clock
cycle is variable, e.g., set by the clock controller 115, the
output timing of the numerically controlled oscillator 100
may be continually adjusted, in small increments, to compen-
sate for channel delays or differences in clock cycles between
communication system components.

FIG. 3 is a flowchart of an exemplary process 300 that may
be implemented by one or more components of the numeri-
cally controlled oscillator 100 discussed above.

At block 305, the clock controller 115 may calculate a
delay interval, generate the delay signal, and output the delay
signal to the clock 110. The delay interval calculated at block
305 may be based on a calibration or other predetermined
value. When received by the clock 110, the clock 110 may
adjust the delay between clock signals to the delay prescribed
by the delay signal.

At block 310, the phase accumulator 105 may receive a
frequency control word. The frequency control word, as dis-
cussed above, may include a digital signal representing a
particular frequency. The frequency control word may be
received by the phase accumulator 105 via the digital input
module 125.

At block 315, the summation block 130 may accumulate
the frequency control words by combining the previous phase
word with the current frequency control word according to
the delay interval set at blocks 305 or 330. The output of the
summation block 130 may include the new phase word.
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At block 320, the phase-to-amplitude converter 120 may
convert the new phase word, output by the summation block
130 at block 315, into a waveform. For instance, the wave-
form may include a sinusoidal signal representing the accu-
mulation of the frequency control words received by the
phase accumulator 105.

At decision block 325, the clock controller 115 may deter-
mine whether feedback from the remote receiver has been
received. The feedback may include an estimated or mea-
sured channel delay or a difference in cycle timing between
the clock 110 and a corresponding clock at the receiver. The
feedback may include other information that the clock con-
troller 115 may use to set the delay interval. If feedback has
been received, the process 300 may continue at block 330. If
no feedback has been received, the process 300 may return to
block 310 to await a new frequency control word.

At block 330, the clock controller 115 may set a new delay
value in accordance with the feedback received. The new
delay value may result in a minor increase or decrease in the
delay between clock signals. After the new delay value has
been set, the process 300 may return to block 315 so that the
new delay value may be implemented.

The numerically controlled oscillator 100 described above
is therefore configured to adjust for clock inaccuracies and
channel delay variations relative to communication with
another device, such as a remote receiver, by providing a fine
resolution of timing adjustments. By continuously using
smaller timing adjustments at more frequent intervals, the
numerically controlled oscillator 100 is able to eliminate the
need to store the entire sample at one rate and resample at
another, adjusted rate.

In general, computing systems and/or devices described
above may employ any of a number of computer operating
systems, including, but by no means limited to, versions
and/or varieties of the Microsoft Windows® operating sys-
tem, the Unix operating system (e.g., the Solaris® operating
system distributed by Oracle Corporation of Redwood
Shores, Calif.), the AIX UNIX operating system distributed
by International Business Machines of Armonk, N.Y., the
Linux operating system, the Mac OS X and iOS operating
systems distributed by Apple Inc. of Cupertino, Calif., the
BlackBerry OS distributed by Research In Motion of Water-
loo, Canada, and the Android operating system developed by
the Open Handset Alliance. Examples of computing devices
include, without limitation, a computer workstation, a server,
a desktop, notebook, laptop, or handheld computer, or some
other computing system and/or device.

Computing devices generally include computer-execut-
able instructions, where the instructions may be executable
by one or more computing devices such as those listed above.
Computer-executable instructions may be compiled or inter-
preted from computer programs created using a variety of
programming languages and/or technologies, including,
without limitation, and either alone or in combination,
Java™, C, C++, Visual Basic, Java Script, Perl, etc. In gen-
eral, a processor (e.g., a microprocessor) receives instruc-
tions, e.g., from a memory, a computer-readable medium,
etc., and executes these instructions, thereby performing one
or more processes, including one or more of the processes
described herein. Such instructions and other data may be
stored and transmitted using a variety of computer-readable
media.

A computer-readable medium (also referred to as a proces-
sor-readable medium) includes any non-transitory (e.g., tan-
gible) medium that participates in providing data (e.g.,
instructions) that may be read by a computer (e.g., by a
processor of a computer). Such a medium may take many
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forms, including, but not limited to, non-volatile media and
volatile media. Non-volatile media may include, for example,
optical or magnetic disks and other persistent memory. Vola-
tile media may include, for example, dynamic random access
memory (DRAM), which typically constitutes a main
memory. Such instructions may be transmitted by one or
more transmission media, including coaxial cables, copper
wire and fiber optics, including the wires that comprise a
system bus coupled to a processor of a computer. Common
forms of computer-readable media include, for example, a
floppy disk, a flexible disk, hard disk, magnetic tape, any
other magnetic medium, a CD-ROM, DVD, any other optical
medium, punch cards, paper tape, any other physical medium
with patterns of holes, a RAM, a PROM, an EPROM, a
FLASH-EEPROM, any other memory chip or cartridge, or
any other medium from which a computer can read.

Databases, data repositories or other data stores described
herein may include various kinds of mechanisms for storing,
accessing, and retrieving various kinds of data, including a
hierarchical database, a set of files in a file system, an appli-
cation database in a proprietary format, a relational database
management system (RDBMS), etc. Each such data store is
generally included within a computing device employing a
computer operating system such as one of those mentioned
above, and are accessed via a network in any one or more of
a variety of manners. A file system may be accessible from a
computer operating system, and may include files stored in
various formats. An RDBMS generally employs the Struc-
tured Query Language (SQL) in addition to a language for
creating, storing, editing, and executing stored procedures,
such as the PL/SQL language mentioned above.

In some examples, system elements may be implemented
as computer-readable instructions (e.g., software) on one or
more computing devices (e.g., servers, personal computers,
etc.), stored on computer readable media associated therewith
(e.g., disks, memories, etc.). A computer program product
may comprise such instructions stored on computer readable
media for carrying out the functions described herein.

With regard to the processes, systems, methods, heuristics,
etc. described herein, it should be understood that, although
the steps of such processes, etc. have been described as occur-
ring according to a certain ordered sequence, such processes
could be practiced with the described steps performed in an
order other than the order described herein. It further should
be understood that certain steps could be performed simulta-
neously, that other steps could be added, or that certain steps
described herein could be omitted. In other words, the
descriptions of processes herein are provided for the purpose
of illustrating certain embodiments, and should in no way be
construed so as to limit the claims.

Accordingly, it is to be understood that the above descrip-
tion is intended to be illustrative and not restrictive. Many
embodiments and applications other than the examples pro-
vided would be apparent upon reading the above description.
The scope should be determined, not with reference to the
above description, but should instead be determined with
reference to the appended claims, along with the full scope of
equivalents to which such claims are entitled. It is anticipated
and intended that future developments will occur in the tech-
nologies discussed herein, and that the disclosed systems and
methods will be incorporated into such future embodiments.
In sum, it should be understood that the application is capable
of modification and variation.

All terms used in the claims are intended to be given their
ordinary meanings as understood by those knowledgeable in
the technologies described herein unless an explicit indica-
tion to the contrary is made herein. In particular, use of the
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singular articles such as “a,” “the,” “said,” etc. should be read
to recite one or more of the indicated elements unless a claim
recites an explicit limitation to the contrary.

The Abstract of the Disclosure is provided to allow the
reader to quickly ascertain the nature of the technical disclo-
sure. It is submitted with the understanding that it will not be
used to interpret or limit the scope or meaning of the claims.
In addition, in the foregoing Detailed Description, it can be
seen that various features are grouped together in various
embodiments for the purpose of streamlining the disclosure.
This method of disclosure is not to be interpreted as reflecting
an intention that the claimed embodiments require more fea-
tures than are expressly recited in each claim. Rather, as the
following claims reflect, inventive subject matter lies in less
than all features of a single disclosed embodiment. Thus the
following claims are hereby incorporated into the Detailed
Description, with each claim standing on its own as a sepa-
rately claimed subject matter.

The invention claimed is:

1. A numerically controlled oscillator comprising:

a phase accumulator configured to output a phase word;

a clock configured to periodically output a clock signal in

accordance with a delay interval;

a clock controller configured to adjust the delay interval
based at least in part in response to feedback received
from a remote device,

wherein the phase accumulator is configured to output a
new phase word in response to receiving the clock sig-
nal.

2. The numerically controlled oscillator of claim 1,
wherein the clock controller is configured to set the delay
interval.

3. The numerically controlled oscillator of claim 1,
wherein the clock controller is configured to output a delay
signal representing the delay interval.

4. The numerically controlled oscillator of claim 1,
wherein the feedback includes a channel delay.

5. The numerically controlled oscillator of claim 1,
wherein the feedback includes a difference in cycle timing
between the clock and a corresponding clock of the remote
device.

6. The numerically controlled oscillator of claim 1,
wherein the clock controller is configured to determine
whether feedback has been received from the remote device.

7. The numerically controlled oscillator of claim 1, further
comprising a phase-to-amplitude converter configured to
generate a waveform in accordance with the phase word
output by the phase accumulator.

8. The numerically controlled oscillator of claim 1,
wherein the phase word includes an accumulation of fre-
quency control words received by the phase accumulator.

9. The numerically controlled oscillator of claim 1,
wherein the phase accumulator includes a digital input mod-
ule configured to receive a first frequency control word.

10. The numerically controlled oscillator of claim 9,
wherein the phase accumulator further includes a summation
block configured to receive the first frequency control word
from the digital input module and output a first phase word.

11. The numerically controlled oscillator of claim 10,
wherein the phase accumulator includes a delay block con-
figured to receive the first phase word from the summation
block and output the first phase word to the summation block
in response to receiving the clock signal.

12. The numerically controlled oscillator of claim 11,
wherein the summation block is configured to add the first
phase word to a second frequency control word and output a
second phase word.
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13. A method comprising:

receiving a plurality of frequency control words;

calculating, via a clock controller, a delay interval;

accumulating the frequency control words in accordance
with the delay interval to generate a phase word; 5

converting the phase word to a waveform;

receiving feedback from a remote device; and

calculating a new delay interval based at least in part on the
feedback received from the remote device.

14. The method of claim 13, wherein the frequency control 10
words are accumulated in accordance with the new delay
interval.

15. The method of claim 13, wherein the feedback includes
a channel delay.

16. The method of claim 13, wherein the feedback indi- 15
cates that a clock at the remote device has different cycle
timing.

17. A numerically controlled oscillator comprising:

aphase accumulator having a digital input module config-
ured to receive a plurality of frequency control words, a 20
summation block configured to output a phase word
representing an accumulation of the plurality of fre-
quency control words, and a delay block configured to
provide the accumulation of the plurality of frequency
control words to the summation block; 25

a clock configured to periodically output a clock signal in
accordance with a delay interval;

a clock controller configured to adjust the delay interval in
accordance with feedback received from a remote
device, 30

wherein the phase accumulator is configured to output the
phase word in response to receiving the clock signal.
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